The role of the glycoproteins of influenza virus, hemagglutinin (HA), and neuraminidase (NA) in the in vitro stimulation of natural cell-mediated cytotoxicity (NCMC) or natural killer activity of human peripheral blood lymphocytes was evaluated with radiolabeled K562 cells as target cells in an overnight chromium release assay. Three different approaches were used. (i) Purified viral proteins were obtained by extraction with Nonidet P-40, separation on a sucrose gradient, and further purification by affinity chromatography. Ficoll-Hypaquepurified peripheral blood lymphocytes exposed to HA or NA individually or to a mixture of both significantly increased NCMC (32 to 50%). (ii) Treatment of HA and NA with their respective homologous antisera or F(ab')2 antibody abrogated the stimulation of NCMC by these glycoproteins. (iii) Virions treated with proteolytic enzymes resulted in viral cores lacking either HA or NA or both activities. Compared to whole virions, viral cores devoid of HA activity only induced a 50% increase in NCMC, whereas viral cores lacking HA activity and with traces of NA activity stimulated only 10% of the NCMC. These results suggest that influenza virus-induced cell-mediated cytotoxicity is largely due to its glycoproteins.
Specific and nonspecific immune responses have been shown to play an important role in the recovery from influenza virus infection (reviewed in references 10, 13 through 15, and 26). Thus, specific immune responses, such as local antibody secretion in the respiratory tract, have an important role in neutralizing some or all of the challenge virus (10, 26) . Influenza virus infection also induces nonspecific responses, such as the stimulation of natural cellmediated cytotoxicity (NCMC) and the production of interferon (13, 14) .
Recently, considerable attention has been focused on the induction or enhancement of NCMC because of its potential to halt or reduce early virus replication (4, 7, 8, 15, 17, 37) . Natural killer (NK) activity increases in humans shortly after influenza virus infection; results from a clinical assay showed a two-or threefold increase in NK activity within the first 3 days in volunteers who had received live influenza virus HlNl intranasally (15) . Moreover, this increased NK activity could be correlated with the early signs of recovery (15) . NK effector cells may have an in vivo role in the prevention or limitation (or both) of spread of virus infections, particularly in the early stages of infection, and at the sites of initial virus replication, until specific cytotoxic T lymphocytes and antiviral antibodies are generated (13, 18, 30) . It was also suggested that failure of this early defense mechanism might favor the virulence over the host's immune system later in infection (7, 13) .
Studies with different viruses have also shown that, in vitro, whole virions as well as specific viral proteins can induce or enhance NCMC (1, 4, 7, 19) . For example, purified hemagglutinin (HA) and fusion glycoproteins of measles virus can induce cell-mediated cytotoxicity (CMC) (7) . Although the mechanism by which virions or their components stimulate NK activity is still controversial, two mechanisms have been suggested. Earlier studies (11, 18, 27, (31) (32) (33) 37) demonstrated that NK activity is proportional to or depen-* Corresponding author. dent on the interferon (IFN) produced, either by the target cell or the NK effector cell. Furthermore, IFN was shown to be the major internal mediator of NK activity (4, 11, 27, 33, 37) . More recent studies, however, have demonstrated that the activation of NK activity is IFN independent (4, 6-9, 16-18, 37, 39) . It is, nevertheless, clear that IFN-dependent and IFN-independent CMC are two discrete ways of activation and expression of virus-induced CMC.
With regard to influenza virus, the viral components involved in the stimulation of NCMC are little known; we have recently shown that an HAl-specific monoclonal antibody did inhibit virus-induced CMC (19a) . In the present study, a more direct approach was conceived to demonstrate clearly the role of the two major glycoproteins, HA and neuraminidase (NA), in the in vitro stimulation of NK cell activity of human peripheral blood lymphocytes (PBL).
MATERIALS AND METHODS Virus purification. Influenza virus A/Port Chalmers/1/73 (H3N2) (A/PC) was propagated in the allantoic cavity of 11-day-old embryonated eggs and incubated at 35°C for 48 h. Allantoic fluid was harvested under sterile conditions and stored at -80°C until used. Virus-infected allantoic fluid was filtered through glass wool, and chicken erythrocytes were added to the filtrate. Virus particles that were adsorbed to and eluted from erythrocytes in the presence of a receptordestroying enzyme (21) were further purified by simplified sucrose density gradient centrifugation (3). These purified virions form a transparent pellet that can be readily suspended in 0.85% NaCl containing 0.08% sodium azide, giving a white, intensely opalescent suspension from which nothing is deposited by low-speed centrifugation.
Isolation and purification of HA and NA. Purified virus was treated with Nonidet P-40. The suspension was centrifuged, and the supernatant was layered on a preformed sucrose density gradient (5 to 20%). Fractions containing the HA and NA activities were collected, and these proteins were further purified by affinity chromatography with appropriate adsorbents as already described (2 (22) .
Determination of HA activity. Samples were serially diluted twofold with phosphate buffered saline (0.01 M sodium phosphate buffer [pH 7.2] containing 0.85% NaCl) and added to a washed chicken erythrocyte suspension (0.5%) as already described (2) .
Determination of NA activity. The NA activity was measured by incubating samples at 37°C with fetuin (25 mg/ml) for 18 h. Liberated N-acetylneuraminic acid was determined by absorbance at 549 nm (2) .
Treatment of virions with proteolytic enzymes. The proteolytic enzymes (pronase, chymotrypsin, and bromelain) were used at the following final concentrations: pronase, grade B (Calbiochem, Los Angeles, Calif.), at 1.05 ,ug/ml (28); chymotrypsin (Sigma Chemical Co., St. Louis, Mo.) at 0.024 p.g/ ml (27) ; and bromelain, grade II (Sigma), at 15 ,ug/ml (5, 24) . All enzymes were diluted with phosphate-buffered saline. Treatment of purified influenza virions (10 ,ug/ml) was carried out at 37°C for 60 min. This was followed by centrifugation for 1 100 where cpm is counts per minute. All experiments were done in triplicate, and the results presented are the means of three independent observations (+ standard deviations). The cpm (spontaneous) was determined by counting the radioactivity of the supernatant of the centrifuged labeled target cell suspensions, whereas the cpm (maximum) was the radioactivity of resuspended labeled target cells.
Virus-induced CMC. Samples (50 pul) of intact virus or viral cores or purified glycoprotein (NA, HA, or a mixture of both) were added directly to the test system at the E/T ratio of 10:1. A series of 10-fold dilutions of each preparation was used in different experiments starting at 3 x 10-1 or 11 x 10-1 ,ug of protein per ml, depending on whether preparations of intact virus or viral cores or purified glycoprotein were used.
Preparation, characterization, and use of monospecific antisera and F(ab')2 fragments. New Zealand white rabbits of 7 to 11 kg were immunized with either intact virions (A/PC) or with fractions containing purified glycoproteins (HA and NA). Emulsions were prepared by dilutions in equal volume of incomplete Freund adjuvant. The quantities injected varied from 40 to 150 pug of protein per injection per rabbit. The first two injections were given intramuscularly at an interval of 1 week, whereas the third injection was given subcutaneously 40 days after the second injection. Rabbits were bled 12 days after the last injection. The specificity of the antisera was evaluated by double immunodiffusion and inhibition tests (2) . It is important to point out that the monospecific anti-HA antiserum neither neutralized the NA activity nor gave a precipitin line by double immunodiffusion test against NA, whereas the antiserum produced by injection of purified viral HA neutralized its HA activity, gave precipitin lines when double immunodiffusion tests were performed, and did not cross-react against viral NA.
The separation of globulins from the serum was achieved by adding 0.5 volume of saturated ammonium sulfate to 1 volume of serum. After centrifugation at 4,000 x g for 15 min, the supernatant was discarded, and the precipitate was washed with 40% ammonium sulfate and suspended in water. The divalent antibody fragments F(ab')2 were obtained by pepsin digestion. The procedure followed was essentially that of Nisonoff et al. (25) with some modifications. The immunoglobulin precipitate of the antiserum was dialyzed against 0.1 M acetate buffer (pH 4.3), and crystalline pepsin at a globulin/pepsin ratio of 50:1 was added to the solution. The mixture was incubated in a 37°C water bath for 8 to 14 h and then cooled in an ice bath. The pH was adjusted to 8.0. Further purification of F(ab')2 was achieved by gel filtration on Sephacryl S-200 or S-300 (Pharmacia Fine Chemicals). The purity of F(ab')2 was checked by agar gel immunodiffusion with the appropriate antiserum.
Inhibition of virus-induced CMC by monospecific antisera. The effect of monospecific antisera on the virus-induced CMC was determined by the following two types of assays: (i) the antisera were preincubated with the antigen suspen- Incubation time of the assay system. Normal NK activity of PBL.
IFN was used at 50 IU/mI.
d Purified influenza A/PC was used at 3 x 10' ,ug/ml.
Virus glycoproteins HA and NA and the 1/1 mixture (combined concentration) were used at 11 x 10-1 ,ug/ml. or purified viral glycoproteins (HA, NA, and HA-NA), corresponding to concentrations 3 x 10-1 to 3 x 10-7 ,ug/ml and 11 x 10-1 to 11 X 10-7 ,ug/ml, respectively. The (ii) antiserum and antigen were added directly to the incubation mixture. Samples of 10 ,ul of a 10-1 dilution of antiserum were used.
The above experiments were repeated with the divalent antibody fragments F(ab')2 of each antiserum. Samples of 10 ,ul (1.0 mg/ml) of F(ab')2 were used.
RESULTS
Time course of virus-induced NK activity. Purified virion (A/PC, 3 x 10-1 ,ug/ml), HA or NA (11 x 10-1 ,ug/ml), HA plus NA (11 x 10-1 ,ug/ml, combined concentration), and IFN (50 IU/ml) were tested for in vitro stimulation of NK activity after 4 and 18 h of incubation of the assay system. The results of two independent experiments are presented in Table 1 . In all experiments, a stimulation of NK activity was observed after 4 h. An increase of about twofold in the stimulation was apparent when the assay system was incubated for 18 h in experiment 1. A similar increase (about 4.5-fold) was observed between the two periods of incubation ( 10-7 in Fig. 1) , were used to determine the concentration needed to induce a maximum stimulation of NK activity. Purified intact virion (A/PC) preparations served as controls. A representative study is shown in Fig. 1 . We repeatedly observed that only for the purified NA preparation, small doses, 11 x 10-5 to 11 x 10-7 ,ug/ml, were active. At these concentrations, an increase in NK activity from 22 to 28% was observed. Normal NK activity, at a ratio of E/T of 10:1, was 18 ± 2.0%. Increasing the concentration of NA to 11 x 10-1 ,ug/ml further increased NK activity to 32%. On the other hand, HA could stimulate NK activity to 24% only at 11 x 10-3 ,g/ml; as the concentration of HA was increased, there was likewise an increase in NK activity. A maximum stimulation of NK activity (50%) was observed at 11 x 10-1 ,ug of HA per ml.
Virus-induced NK stimulation was of the same order of magnitude as that observed for HA. It was interesting to note that the amount of purified influenza virus glycoproteins needed to stimulate NCMC to a level equivalent to that reached by untreated whole virions was almost four times higher, i.e., 11 x 10-1 ,ug versus 3 x 10-1 ,ug. Table 2 . Both HA and NA stimulated NK activity in all donors to the same degree as that observed with whole virions (untreated or Formalin inactivated), confirming our previous observations (19a) that untreated influenza whole virions and inactivated vaccines, regardless of whether they are of type A or type B, could equally stimulate NK activity. It was of interest to note that the HA and NA mixture did not perform better than its components, either HA or NA. The results in Table 2 demonstrated that (i) 4 out of 10 experiments showed that the stimulation by HA was greater than that produced by the 1:1 mixture, as in Fig. 1, ( ii) 4 out of 10 experiments indicated an equivalent level of stimulation of NK activity, and (iii) only 2 of 10 experiments showed the HA-NA mixture to have stimulated more than HA alone.
Treatment of virions with proteolytic enzymes. Since HA and NA might be isolated from influenza virions by digesting the virus particles with proteolytic enzymes (5, 12, 24, 28, 29, 34, 36, 38) , this approach was used to remove the surface glycoproteins from purified virions. Results obtained with the pronase-, bromelain-, and chymotrypsin-treated virus in two independent experiments are presented in Table 3 . Pronase treatment of purified virus particles removed 82% of the HA activity and 62% of the NA activity, and likewise the capacity to enhance NCMC (after appropriate correction for normal NK activity) was reduced by about 50% (Table 3) .
Treatment of virions with chymotrypsin and bromelain removed 99% of the HA activity and about 90% of the NA activity, and the capacity of these virus cores to stimulate the NK activity was also reduced by about 80%. Inhibition of glycoprotein-induced CMC by monospecific antisera. To further demonstrate that the observed stimulation was indeed due to the glycoproteins, the following experiment was performed. Virus preparations were treated separately with each monospecific antiserum, anti-HA or anti-NA, before its effect on virus-induced NK activity was evaluated in the cytotoxicity assay. Complete inhibition of virus-induced CMC could be achieved in the presence of either anti-HA or anti-NA (Fig. 2A) . The stimulation induced by purified HA preparations was, however, only suppressed in the presence of its homologous antiserum, i.e., anti-HA. The addition of anti-NA serum had no suppressive effect on HA-induced CMC (Fig. 2B) . On the other hand, NA-stimulated NCMC could be suppressed in the presence of its homologous anti-NA serum as well as in the presence of anti-HA antiserum (Fig. 2C) . These results were obtained either by the preincubation of antisera and antigen or by the direct addition of these preparations simultaneously to the test system. Similar results were obtained when F(ab')2 fragments of each antiserum were used, thus confirming the results obtained with the monospecific antisera.
None of the monospecific antisera or F(ab')2 fragments used had any effect on either normal or IFN-activated NK activity (data not shown).
DISCUSSION
This report identifies the viral components responsible for influenza virus-induced CMC. Three different approaches were used. The combined results of these experiments conclusively demonstrate that influenza virus surface glycoproteins HA and NA can strongly stimulate NK activity of human PBL against K562 target cells.
First, results from short-term experiments (Table 1) , wherein HA and NA were tested individually for their potential to stimulate early virus-induced CMC, demonstrated significant boosted NK activity as soon as 4 h after incubation. The dose-response curves for viral glycoproteins either in purified form or in association with the virion were equivalent in terms of NCMC induction. At low concentrations, however, only NA was a significant stimulator of NCMC; HA, like whole virions, was an effective stimulator at higher concentrations. The results (Fig. 1) obtained with an equivalent mixture of HA-NA (1:1)-purified glycoproteins showed that the NK activity due to each glycoprotein was independent of the presence of the other, as no additive effect was observed. The results reported in Table 2 with homologous monospecific antiserum (anti-HA) demonstrates the specificity of influenza virus-induced CMC. However, it was interesting to note that the stimulated NK activity due to NA antigen could be suppressed by the addition of anti-HA in the test assay. It appeared that, although the anti-HA was a monospecific antiserum when verified by immunodiffusion and HA and NA inhibition tests, this serum contained a component(s) that reacted with the active site of the NA protein responsible for the induction of NK activity. Cross-reactivity of antibodies specific for NA with the HA glycoprotein has been previously reported (20, 35) . The stimulatory potential of each glycoprotein may be reduced by steric hindrance (7). The complete inhibition of virus-induced NK activity by each of the two monospecific antisera (anti-HA and anti-NA) suggests that HA and NA probably share the same cellular site in stimulating CMC. This and other possibilities remain to be tested.
Since the presence of the Fc portion of the immunoglobulin molecule might interfere with the stimulation of NK activity under the experimental conditions used, the validity of the results reported with monospecific antisera was verified by using the F(ab')2 fragments isolated from each antiserum. The results confirmed the contention that the observed stimulation was, indeed, glycoprotein-induced CMC. These results are in agreement with our previous observations with influenza virus (19a) and with those reported in other virus systems, such as with mumps (19) and Sendai (1) viruses, that identified the HA-NA as essential in the induction of CMC.
With regard to the mechanism of virus-induced CMC, several studies have demonstrated that human NK activity directed against virus-infected or virus-exposed targets can follow an IFN-independent route. These results include the following. (i) Peak NK cytotoxicity, at 4 to 6 h, precedes the peak of IFN production, and NK cytotoxicity and IFN production are thus not temporally correlated (4, 7, 9, 17).
(ii) Casali et al. (7) observed a stimulation of NK activity against both fibroblast and K562 targets with purified measles virus glycoproteins without the concomitant release of IFN, yet whole virus and UV-inactivated virus did activate CMC with IFN production. (iii) NK activity was stimulated by one of the two glycoproteins of the mumps (19, 37) and Sendai (1) viruses, with no detectable IFN production; furthermore, virions devoid of HA did not enhance CMC.
(iv) Pretreatment of NK cells with exogenous IFN increases NK activity against both uninfected and virus-infected or virus-exposed target cells (4, 16) . These studies support the concept that NK activity and IFN production are independent processes and probably coexist and operate independently. It is accepted that both IFN-independent and IFN-dependent mechanisms can operate within a single virus system. Early CMC (less than 4 h) is IFN independent with respect to stimulation by virus glycoproteins, whereas later CMC (after 8 h) is IFN dependent (1, 4, 7, 37) . Since an 18-h incubation of the assay system was used in the present study, one can argue for the production of IFN and thus conclude that the observed induced CMC is IFN dependent. Since no IFN was detected in the assay system used, the results suggest that the influenza glycoprotein-induced CMC is an IFN-independent process, but further studies are needed to unveil the exact mechanisms involved.
Results further suggest that viral replication is not necessary for the mediation of virus-induced CMC, as reported earlier with measles virus (7), because the NK stimulation pattern achieved with inactivated virions was identical to that observed with its untreated counterparts or to those elucidated with purified HA and NA glucoproteins.
